4T3425).
Introduction
Many immunohistochemical studies of stored paraffin-embedded surgical and autopsy materials have yielded valuable information. With the advent of in situ hybridization (ISH), attempts have been made to perform similar retrospective studies using the technique, particularly at the level of mRNA expression and for detection of viral RNA. However, a major problem was encountered in obtaining consistent results. The inconsistencies are believed to result from the different amounts of RNA retained in processed tissue sections. In addition, the accessibility of target RNA to probes varies from tissue to tissue, depending on the method of tissue processing. Loss of RNA or failure of probes to reach target RNA results in falsenegative findings and underestimation of the amount of target RNA. Hence, what is needed is a reference procedure by which amounts of RNA retained and accessibility of target RNA to probes can be assessed.
At present, staining with dyes such as acridine orange (1) and methyl greenlpyronin Y (MPY) ( quantitatively reliable for total RNA, they do not provide information on the accessibility of the RNA to probes. For assessment of accessibility by probes, results of ISH of widely distributed and highly conserved mRNAs, e.g., (3-actin (3), which are often used as an internal standard in Northern blotting study, can be considered as a reference. However, @actin mRNA expression varies widely from cell to cell (4), and often a failure to detect the mRNA is not the result of loss of RNA from tissue sections but is, instead, an indication of extreme scarcity of mRNA. Another suggested reference target is poly(A). Jilbert et al. ( 5 ) recommended the use of a 3H-labeled poly(dT) probe to evaluate retention and hybridizability of mRNA in tissue sections. However, these probes have an unusual feature of having no guanine-cytosine residues, resulting in unusually low melting temperature of hybrids, and are therefore not suitable as a reference for general mRNA hybridization.
In search of a more universal reference, we considered ribosomal RNA (rRNA) as a candidate, since segments of rRNA nucleotide sequence are conserved beyond species and rRNA is present in every cell that synthesizes peptides in amounts relative to the synthetic activity of the cells. In this study, a synthetic oligo-DNA with a nucleotide sequence complementary to a well-conserved segment of 28s rRNA was used for ISH for localization of rRNA, and the results were compared to those of various other "As.
We found that the results of ISH for rRNA and ISH for other mRNA agreed well in a given specimen, and we suggest that ISH for rRNA is a convenient method for evaluating the levels of hybridizable RNA in tissue sections.
Materials and Methods
Materiais. A mouse monoclonal antibody ( 1 6 1 ) against thymine-thymine dimers (M anti-T-T) was obtained from Kyowa Hakko Chemicals (Tokyo, Japan). Peroxidase-labeled goat anti-mouse IgG (HRP-G anti-M IgG) was purchased from Medical Biological Laboratory (Nagoya, Japan). Proteinase K (10-20 Ulmg protein), ribonuclease-A (type 111-A), and BRIJ 35 were purchased from Sigma (St Louis, MO). Methyl greenlpyronin stain solution was purchased from Muto Chemicals (Tokyo, Japan). All other chemicals and biochemicals used were of analytical or molecular biological grade.
Tissue P r e p t i o n . Fresh uteri from female Wistar rats, fresh normal human colon obtained at the time ofsurgery, and mious paraffin-embedded human tissues that have been kept in clinical departments were used. A portion of uterus was embedded in OCT compound, quick-frozen in ethanol/dry ice, and kept frozen until sectioned. Another portion was fuced in 4% PFA (wlv) in PBS, pH 7.4, for 6 hr at 4'C. Then the tissues were h e r s e d in 30% sucrose (w/v) containing 0.02% (vlv) diethylpymbonate (DEP) until they sank to the bottom of a fixing jar. A portion of the fixed tissues was then embedded in OCT compound, frozen in ethanol/dry ice, and kept frozen until sectioned. Another portion of the fixed tissues was dehydrated using serially increasing concentrations of ethanol, cleared in xylene, and embedded in Paraplast. Fresh human colon was fixed in neutral 10% buffered formalin and embedded in Paraplast according to standard procedures. The processing details of the 10 paraffin-embedded human specimens were unknown.
Oligo-DNA Probes. Oligo-DNA with a sequence complementary to the 28s rRNA sequence (2173-2206) of rat rRNA (6) with additional 3 and 2 repeaters of adenine-thymine-thymine (ATT) at 5' and 3' ends, respectively, (complementary oligo-DNA for 28s rRNA) was synthesized by a 391 PCR-MATE DNA synthesizer (Applied Biosystems; Tokyo, Japan), and the product was purified by both an OPC column and an NAP-10 column. A computer-assisted search (GenBank Re1.79, November, 1993) of the above oligo-DNA sequences (without the A'IT repeats) found 100% homology to human, mouse, and rat rRNA sequences, whereas no significant similarities with any other published sequence were found. As a negative control probe, an oligo-DNA with a sequence of the segment of rRNA with the added A'IT repeats (homologous oligo-DNA for 28s rRNA) was also synthesized. The probes were haptenized by generating thymine-thymine dimers (T-T) by w irradiation as described in detail previously (7) . The optimal w dose for these oligo-DNA probes was 10.000 J/m2 determined by dot-blot hybridization using M anti-T-T and HRP-G anti-M IgG.
Northern Blot Analysis. Total cellular RNA from rat liver was isolated according to the method of Chomczynski and Sac& (8) . For Northern analysis 4.5 pg total RNA was denatured in formaldehyde. size-fractionated on 1% agacose-3% formaldehyde gels, and traosferred to a nitrocellulose membrane using the Thomas method (9). The filters were baked and hybridized with 1 @/ml T-T complementary oligo-DNA for 28s rRNA as described earlier (10). The hybridized probes were reacted with M anti-T-T and HRP-G anti-M IgG in succession and the sites of peroxidax were visualized by DAB in the presence of H202 and nickel and cobalt ions (11) as chromogens.
In situ Hybridization. The procedures for pre-treatment were described previously in detail (7,lO). Briefly, fresh frozen and f i e d frozen tissues were sectioned at 6-8 pm thickness and mounted on aminopropyltriethoxysilanecoated glass slides. Sections from fresh frozen tissues were fixed in 4% PFA in PBS. Paraffin-embedded tissue was sectioned at room temperature. The sections were mounted on aminopropyltriethoxyilane-coated glass slides, d e p d i n i z e d , and hydrated according to standard procedures. These sections were treated with 0.2 N HCI and digested with various concentration of proteinase K. After post-fixation with 4% PFA in PBS ( 5 min), the sections were immersed in 2 mg/ml glycine in PBS (30 min) and kept in 40% deionized formamide in 4 x SSC until used for hybridization. Hybridization was carried out at 37'C for 12-16 hr with 1 pg/ml T-T complementary oligo-DNAs for rRNA or various "As (see Table 1 ) dissolved in the hybridization medium. After repeated washings, the signals were detected by enzyme immunohistochemistry as described above (7) .
The staining intensities of ISH for rRNA in paraffin sections of normal human colon were graded as (-) for no staining, (+) for weak staining.
( + + ) for moderate staining, and (+ + + ) for intense staining, and were used as references for grading staining intensities of ISH for other mRNAs.
Control Experiments. To confirm the specificity of 28s rRNA signals, various types of control experiments were conducted on sections adjacent to those used for test experiments. First, a homologous oligo-DNA probe for 28s rRNA was used as a negative control in every run. As another negative control, some sections were digested with RNAse-A (100 pglml, 3 7 T , 1 hr) before the post-fixation step. Some sections were hybridized with T-T complementary oligo-DNA for 28s in the presence of an excess amount (>@fold) of non-haptenized complementary oligo-DNA for 28s rRNA to provide definitive evidence for the sequence specificity.
Methyl GreenlF'yronin Y Staining. Frozen, fixed frozen, and paraffin sections were withdrawn at various points of ISH and were stained with MPY according to the protocols recommended by the company. The staining intensities of MPY were graded as (-) for no staining, (+) for weak staining, (+ +)for moderate staining, and (+ + +) for intense staining, using the staining intensity of paraffin sections of normal colon as the (+ + +).
Results

Northern Blot Hybridization with T-T Dimerized
Oltgo-DNA Probe
As shown in Figure 1 , T-T complementary oligo-DNA for 28s rRNA reacted only with a band corresponding to 28s rRNA isolated from rat liver and did not react with other bands, including that of 18s rRNA.
Comparison of MPY ISH for 28s rRNA and ISH for Target RNA
The results of MPY ISH for 28s rRNA and ISH for various mRNA are summarized in Table 1 . In all cases, the effect of proteinase K (PK) pre-treatment was determined. In fresh frozen sections of rat uterus, maximal staining was obtained at PK 1 pg/ml and t h i s staining disappeared at PK 10 pg/ml (lible 1). In fixed frozen sections of rat uterus, maximal staining was obtained at PK 1 CLglml and this staining weakened at PK 10 pglml ( Table 1) .
The effect of PK digestion varied from tissue to tissue when the tissues were embedded in paraffin. In paraffin-embedded uterus sections, maximal staining was obtained at PK 10 pglml (Figure 3c ), whereas that of colon was obtained at PK 100 pglml (Figure 2d ). In some pathological specimens, weak or no staining was obtained even after PK digestion. In all cases, the 28s rRNA staining intensity paralleled that of specific target "As at any concentration of PK. Staining with MPY was unchanged by PK digestion (Figures 2e-2h). These results indicated that staining by MPY alone is insufficient to predict the amount of RNA that takes part in the hybridization reaction.
In some paraffin-embedded tissue sections, the pattem of staining varied depending on the concentration of PK. In paraffinembedded sections of rat uterus tissue, 28s rRNA and ER mRNA staining were most intense in cytoplasm when the sections were treated with PK 10 pglml (Figures 3c and 3g) , whereas with PK 100 pglml the intensity of nuclear staining, particularly that of nucleoli (Figures 3d and 3h) . was strong and cytoplasmic staining was weak. This phenomenon was often observed when sections were overdigested.
ControL Experiments for ISH for rRNA
A representative set of control experiments to confirm the specificity of 28s rRNA signals is shown in Figure 4 . In this experiment, fixed frozen sections of rat liver were used. When a section was hybridized with a 28s complementary probe, a signal was detected in the cytoplasmic area of the cells as well as in the nucleoli ( Figure  4a ). No staining was found with a 28s rRNA homologous probe in a section adjacent to Figure 4a (Figure 4b) . When a section adjacent to Figure 4b was hybridized with a 28s complementary probe in the presence of an excess amount of unlabeled 28s complementary oligo-DNA, staining was notably decreased (Figure 4c) . When a section adjacent to Figure 4c was digested with RNAse before hybridization, no 28s rRNA staining was observed (Figure 4d ).
Discussion
ISH procedures have begun to be standardized in recent years and some commercial kits are even available for ISH. However, one must still optimize conditions for successful implementation of ISH. A number of reports suggesting fixatives to be used and hybridization conditions are available for ISH (7.12). However most of them are designed for ideal experimental situations and may be applicable for future human surgical and autopsy materials. Most human surgical and autopsy materials available for investigation are processed for routine pathological examination and the conditions of fmtion, manner of dehydration, and lengths of storage vary from facility to facility. Nevertheless, it is often necessary to utilize such human materials in an attempt to obtain information that may be beneficial to patients or may be helpful in solving problems of pathogenesis.
Among various obligatory prerequisites for successful implementation of ISH for RNA in any such tissues, the basic and essential points are that the RNA should be retained in the tissues and should be accessible to the probes. The results of the present study indicate that staining with MPY was useful for assessment of RNA retention in surgical and autopsy specimens. ISH of 28s rRNA in those tissues with preserved RNAs serves very well for establishing optimal conditions for ISH, such as PK digestion, probe concentration, hybridization temperature, and immunohistochemical procedures. In addition, the use of ISH of 28s rRNA as a reference for ISH of specific RNA was also beneficial for experimental tissues in which various preparatory procedures may be manipulated. By performing ISH, one can optimize conditions such as fixation, dehydration, and embedding, as well as the conditions of hybridization and immunohistochemistry.
As expected, there was no ISH signal for 28s rRNA or for specific mRNAs in tissue sections that failed to stain with MPY, i.e., human liver with chronic hepatitis (Table 1) . However, some sections that stained well with MPY failed to yield ISH signals, i.e., human adrenal glands (Table 1) . However, another human adrenal gland stained well with MPY and resulted in a good ISH signal for rRNA as well as for specific mRNA (Table I) , indicating that MPY staining alone is insufficient to predict whether a given tissue section is suitable for ISH of specific mRNA. On the other hand, ISH signals for specific mRNA agreed well with those for 28s rRNA. These results suggest that, depending on the procedures used to prepare tissue sections, some RNAs are hindered in ISH, either by excessive denaturation or by cross-linking to cytosolic proteins, and digestion by PK could not make these RNAs accessible to the probes. In addition, our results also indicated that the validity of ISH signals for specific RNA in a given section is better ensured when ISH for 28s rRNA is performed in adjacent tissue sections. In a case in which there is no ISH signal for specific RNA and an ample ISH signal for 28s rRNA, one need not be concerned about whether or not the result is a false-negative. In contrast, if there is no signal for 28s rRNA, one must be cautious about the same possibility. In some tissue sections, we found that the degree of RNA retention and the hybridizability of the RNAs varied from one area of tissue to another. For example, in some liver needle biopsies, the areas near the surface of the specimen may be unsuitable for ISH, whereas its core area may be acceptable and vice versa, as judged by the results of ISH for 28s rRNA. In such cases, the area well stained for 28s rRNA was judged useful for examination even though other areas were not.
In our results, strong staining for 28s rRNA was observed in both the cytoplasm and the nucleoli in most of the cells. However, the levels of 28s rRNA staining were variable among various cell types, as observed by Dirks et al. (13) . In some cells, 28s rRNA was localized predominantly in the perinuclear region, whereas a homogeneous distribution of 28s rRNA throughout the cytoplasm was seen in other cells. In this context, it should be noted that strong signals for 28s rRNA were observed in cancer tissues and chronic inflammatory disease tissues (data not shown). This suggests that in situ hybridization with a 28s rRNA probe offers a new method for estimation of disease activity.
The finding that nucleoli stained intensely in some tissues when sections were overdigested by PK requires some further investiga--P* .: tion, since the staining is nucleotide sequence-specific, e.g., the staining may be abolished in all negative controls.
In conclusion, the results of ISH for rRNA and ISH for other mRNA agreed well in given specimens, and we suggest that ISH for rRNA is a convenient method for evaluating the levels of hybriditable RNA in tissue sections.
